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Introduction: Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is an effective 
treatment for limb motor symptoms in Parkinson’s disease (PD); however, its effect on vocal 
motor function has yielded conflicted and highly variable results. The present study investigated 
the effects of STN-DBS on the mechanisms of vocal production and motor control. 
Methods: A total of 10 PD subjects with bilateral STN-DBS implantation were tested with DBS 
ON and OFF while they performed steady vowel vocalizations and received randomized upward 
or downward pitch-shift stimuli (±100 cents) in their voice auditory feedback.  
Results: Data showed that the magnitude of vocal compensation responses to pitch-shift stimuli 
was significantly attenuated during DBS ON vs. OFF (p=0.012). This effect was direction-
specific and was only observed when subjects raised their voice fundamental frequency (F0) in 
the opposite direction to downward stimuli (p=0.019). In addition, we found that voice F0 
perturbation (i.e. jitter) was significantly reduced during DBS ON vs. OFF (p=0.022), and this 
DBS-induced modulation was positively correlated with the attenuation of vocal compensation 
responses to downward pitch-shift stimuli (r=+0.57, p=0.028). 
Conclusions: These findings provide the first data supporting the role of STN in vocal F0 motor 
control in responses to altered auditory feedback. The DBS-induced attenuation of vocal 
compensation responses may result from increased inhibitory effects of the subcortical 
hyperdirect (fronto-subthalamic) pathways on the vocal motor cortex, which can help stabilize 
voice F0 and ameliorate vocal motor symptoms by impeding PD subjects’ abnormal (i.e. 
overshooting) vocal responses to alterations in the auditory feedback. 
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Deep brain stimulation (DBS) of the subthalamic nucleus (STN) has long been established as a 
highly effective medical treatment for the limb motor symptoms in Parkinson’s disease (PD) 
[1,2]. However, reports on the effect of STN-DBS on voice and speech have yielded 
considerably variable and sometimes contradicting results across individual subjects [3,4]. While 
a series of studies have documented that speech function was deteriorated in some subjects by 
the onset of dysarthria under STN-DBS [5–7], other investigators have reported amelioration of 
some oral motor and voice features, particularly improvements on vocal loudness and reduced 
glottal tremor following stimulation [8–11]. Despite these improvements on voice features, in 
most cases STN-DBS was reported to have an adverse effect on overall speech intelligibility 
[12], primarily because of the general dysarthrogenic impact of DBS on articulatory function in 
PD subjects. In addition, a recent study has suggested that STN-DBS significantly reduces the 
initial vowel formant space and it differentially affects vocal tract positions for sustained 
production of different vowel categories, corroborating the notion that articulatory gestures are 
constrained during speech under DBS [13]. However, speech deterioration was reported 
sporadically and varied significantly across individual subjects, suggesting that the observed 
dysarthrogenic effect under STN-DBS may be multi-factorial. For example, spread of 
stimulation current to adjacent neural pathways involved in speech motor control has been 
implicated, and studies have suggested that pre-surgical speech performance, active electrode 
location, and PD duration inform speech intelligibility outcomes after STN-DBS implantation 
[14–16]. Based on these factors, it is reasonable to assume that the conflicting results of STN-


































































differential influence on motor control of phonatory (i.e. laryngeal) vs. articulatory mechanisms 
via subcortical-cortical interactions.  
Recently, evidence from a number of studies has supported the notion that voice and 
speech impairment in PD is associated with deficits in neural mechanisms that are beyond the 
dedicated networks for phonatory or articulatory motor production [17–19]. In these studies, 
pitch and formant alterations were delivered real-time in the auditory feedback to probe the 
integrity of sensorimotor integration mechanisms for voice and speech production in subjects 
with PD. Findings of these studies revealed that PD is associated with deficits in sensorimotor 
integration mechanisms, and resulted in dysfunctions for incorporating auditory feedback to 
detect and correct for alterations (errors) in self-produced voice and speech. The sensorimotor 
deficits in PD were primarily characterized by subjects’ abnormal (i.e. overshooting) 
compensatory vocal motor responses to pitch-shift alterations in the auditory feedback [18,19], 
as well as their diminished functional capacity in generating adaptive motor responses to formant 
alterations in self-produced speech [17].  
Findings of the previous studies have suggested that cortical-basal ganlia pathology can 
disrupt normal function and induce deficits in sensorimotor mechanisms of voice and speech in 
PD. One recent study [19] aimed to delineate the neuroanatomical bases of vocal sensorimotor 
impairment by recording neurophysiological responses to auditory feedback pitch alterations in 
PD during sustained vocalizations and has revealed pathological modulation of neural activities 
within a left-lateralized cortical network that involved areas in the superior and inferior frontal 
gyrus, premotor cortex, inferior parietal lobule, and the superior temporal gyrus. Although these 
findings provided supporting evidence for neurological impairments in the underlying 


































































effects of PD on the mechanisms of voice and speech has remained largely elusive at the neural 
level, and therefore, further investigations are warranted for using advanced methodologies to 
elaborately examine the underlying mechanisms of voice and speech and their impairments in 
PD.  
In the present study, we addressed the question as to how STN-DBS would modulate the 
underlying mechanisms of vocal production and motor control. We tested PD subjects with 
bilateral STN-DBS implantation under stimulation ON vs. OFF conditions while they produced 
steady vocalizations of a vowel sound and received altered auditory feedback (AAF) stimuli 
using randomized upward and downward pitch shifts at ±100 cents. Measures of vocal 
compensation responses to AAF were examined to determine the effect of STN-DBS on 
vocalization motor control. Based on findings of previous studies [3,8], we hypothesized that 
STN-DBS would normalize deficits in vocal motor control mechanisms by counteracting and 
attenuating PD-related abnormal (i.e. overshooting) patterns of vocal compensation responses to 
pitch-shift alterations in the auditory feedback. Understanding the effect of STN-DBS on vocal 
motor control mechanisms will have important clinical implications for targeted treatment of 




A total of 10 right-handed subjects diagnosed with idiopathic PD (4 females, mean age: 64.8 
years, mean PD duration: 11.1 years) who received bilateral STN-DBS implantation participated 
in the present study. Subjects did not have any history of other neurological or psychiatric 


































































examinations, structural MRI, and neuropsychological evaluations that confirmed normal speech, 
language, and hearing functions. Subjects’ demographic and clinical assessment data are 
summarized in Table 1. All subjects (except one) were tested ON-medication with their 
individually tailored dosages of dopaminergic medication to maximally reduce motor symptoms, 
and Levodopa Equivalent Dose (LED) was calculated for each subject. One subject (subject 2) 
was not taking any dopamine agonist medication due to side effects and his PD symptoms were 
well controlled with DBS alone with moderate settings at time of testing for this study (see Table 
1). MDS-UPDRS Part III motor scores were assessed at time of testing with subjects ON their 
medications for STN-DBS ON and OFF conditions. When DBS was ON, all subjects were tested 
on their usual stimulation settings, as determined by their programming movement disorder 
specialist neurologist. The specialist also managed PD medication optimization through multiple 
clinic visits and DBS programming sessions to provide for the best overall motor function and 
minimization of treatment-related side effects in keeping with the best clinical practice standards. 
In addition, a survey of voice handicap index (VHI) was administered to assess subjects’ 
perception of psychosocial consequences of their voice performance. All study procedures, 
including recruitment, data acquisition and informed consent were approved by the University of 
Iowa Institutional Review Board, and subjects were monetarily compensated for their 
participation.  
 
2.2 Experimental procedure 
The experiment was conducted in a sound attenuated booth in which subjects performed the 
experimental tasks in two blocks (DBS ON vs. OFF) that were counterbalanced across subjects. 


































































approximately 1 hour for each subject to complete the experimental session for both blocks. 
During each block, subjects were instructed to repeatedly maintain steady vocalizations of the 
speech vowel sound /a/ at their conversational pitch and loudness for approximately 2-3 seconds 
while taking breaks between successive vocalizations. During each vocalization trial, a pitch-
shift stimulus altered the auditory feedback for 200 ms in the middle of vocalization with 
randomized onset delays at 750–1250 ms after the vocalization onset. The direction of stimuli 
was randomized between upward (+100 cents) and downward (−100 cents) pitch shifts across 
vocalization trials within each block. A total of 150 vocalizations (75 per pitch-shift direction) 
were recorded during each block. Subjects’ voice signal was picked up using head-mounted 
AKG condenser microphone (model C520), amplified by a Motu Ultralite-MK3 module, and 
was recorded at 44.1 KHz during DBS ON and DBS OFF blocks. The auditory feedback was 
delivered through Etymotic insert earphones (model ER1-14A), and the timing, magnitude, 
direction and order of AAF stimuli were controlled by a custom-made program in Max 5.0 
(Cycling '74) coupled with an Eventide Eclipse Harmonizer. 
 
2.3. Analysis of vocal responses 
Vocal acoustics including the fundamental frequency (F0), intensity, Harmonic to Noise Ratio 
(HNR), jitter (i.e. cycle-to-cycle voice F0 perturbation), and shimmer (i.e. cycle-to-cycle voice 
intensity perturbation) were extracted in Praat. In this analysis, jitter and shimmer were 
calculated as the average absolute difference between voice F0 (Hz) and/or voice intensity (dB) 
of consecutive cycles, respectively, according to the following formula: 
                               
 



































































where Ti is the duration of the i
th
 cycle and N is the total number of cycles [20]. Using consistent 
methodologies implemented in previous studies of vocalization motor control during AAF [21], 
vocal compensation responses to pitch-shift stimuli were calculated in MATLAB by segmenting 
voice F0 contours into epochs from −100 to 800 ms relative to the onset of pitch-shift stimuli and 
then converting them from Hertz to Cents using the following formula: 
                                                      
Here, F0Baselne is the mean pre-stimulus voice F0 at −100 to 0 ms before pitch-shift onset. Voice 
F0 contours in Cents were then averaged across all trials in each individual subject for upward 
and downward stimuli during DBS ON and DBS OFF conditions, separately. The grand-average 
profile of vocal compensation responses were calculated by averaging responses across all 
subjects for each stimulus direction and DBS condition, separately.  
 
2.4. Statistical analysis 
We conducted two-way repeated measures ANCOVAs to examine the effects of DBS (ON vs. 
OFF) and pitch-shift stimulus direction (up vs. down) on the magnitude of vocal compensation 
responses within a 200 ms time window centered on the peak. This time window was identified 
based on the profile of vocal compensation responses to AAF stimuli to capture the temporal 
dynamics of these responses and the effect of STN-DBS on modulating vocal motor behavior in 
response to upward and downward pitch-shift stimuli. The medication dose was controlled for by 
entering the subjects’ LED as a co-variate in the statistical model and the effect size was 
estimated using partial Eta squared (partial η2) in the ANCOVA model. Effects of DBS on voice 
F0, intensity, HNR, jitter, shimmer, VHI, and MDS-UPDRS Part III scores was examined using 


































































performed to examine relationships between the modulation of vocal compensation magnitude 
and voice acoustics, as well as the VHI, UPDRS-III speech intelligibility scores, and clinical 
MDS-UPDRS measures of limb movement during DBS ON vs. OFF. In all statistical tests, the 
false discovery rate (FDR) method [22] was used to correct for multiple comparisons. 
 
3. Results 
3.1. DBS effects on voice acoustics 
The effects of STN-DBS on acoustic measures of voice were examined in all subjects. In Fig. 1 
(Panels A-C), the overlaid plots of voice F0, intensity, and HNR during DBS ON and OFF are 
shown for a representative subject. These plots suggest that the overall pattern of vocalization F0 
was less variable (i.e. more stable) during DBS ON vs. OFF (Panel A, black versus red lines for 
the means and the corresponding shaded areas representing the standard errors). However, no 
such DBS-induced modulation effect was observed for voice intensity and HNR (Panels B and 
C). Panels A and B show that in this subject, voice F0 and intensity level were increased slightly 
throughout vocalization during DBS ON vs. OFF, but the measure of HNR remained relatively 
unchanged (Panel C). For the group data in all 10 subjects, results of the statistical analysis 
revealed a significant effect of DBS on voice jitter (F(1,8)=6.16, p=0.24, partial η2 = 0.39), 
indicating reduced F0 perturbation during DBS ON vs. OFF; however, no such effect was 
observed for voice F0, intensity, HNR, and shimmer (Fig. 1, Panels D-H).  
 
3.2. DBS effects on vocal compensation 
In Fig. 2, results of the group analysis are shown for vocal compensation responses to upward 
(Panels A-C) and downward (Panels D-F) pitch-shift stimuli. The profiles of grand-average 


































































voice F0 in the opposite direction of the stimuli during both DBS ON and OFF conditions. 
However, an STN-DBS effect was evident as modulating vocal responses only to downward 
pitch-shift stimuli (Panel D). Indeed, statistical analyses revealed significant main effects of DBS 
(F(1,8)=10.38, p=0.012, partial η2 = 0.57) and pitch-shift direction (F(1,8)=8.11, p=0.022, partial 
η
2 = 0.51), as well as a significant DBS × pitch-shift direction interaction (F(1,8)=6.67, p=0.031, 
partial η2 = 0.46) on the magnitude of vocal compensation responses. Post-hoc analysis further 
confirmed the observed effects by showing that the magnitude of vocal compensation responses 
to downward pitch shifts was significantly decreased during DBS ON vs. OFF (F(1,8)=8.49, 
p=0.019, partial η2 = 0.52), but no such DBS-induced modulation was observed for vocal 
compensation responses to upward stimuli (Fig. 2, Panels B and E). Since voice jitter was the 
only acoustic measure that showed a significant modulation by STN-DBS, we tested for 
correlation between jitter and vocal compensation magnitude and found a positive correlation 
(r=+0.57, p=0.028) only in response to downward pitch-shift stimuli (Fig. 2, Panels C and F). 
Notably, while all subjects showed a significant improvement in limb motor performance during 
DBS ON vs. OFF as indexed by the MDS-UPDRS Part III scores (F(1,8)=7.53, p=0.024, partial 
η
2 = 0.49), this motor improvement was not correlated with modulation of vocal compensation 
responses to pitch-shift stimuli. In addition, no significant correlation was found between 
UPDRS-III speech intelligibility scores or subjective measures of VHI and modulation of vocal 
compensation responses to pitch alterations in the auditory feedback. 
 
4. Discussion 
The present study provided the first data examining the effects of STN-DBS on sensorimotor 


































































implantation were tested under an AAF paradigm to measure changes in their vocal 
compensation responses to pitch-shift alterations in the auditory feedback, as well as modulation 
of their voice acoustics during DBS ON vs. OFF conditions. For subjects’ convenience during 
the experimental session, they were all tested while taking their normal PD medications on their 
scheduled times of the day (MED ON) to more closely replicate their ‘real-world’ condition 
while examining the effect of DBS on their vocal motor behavior. This condition was chosen 
based on evidence suggesting that PD medications do not significantly affect vocal motor 
function [23], and the DBS effect was further validated by controlling for the effect of 
medication dose as a co-variate in the statistical model during data analysis. Our data showed 
that STN-DBS resulted in a significant attenuation of the magnitude of vocal compensation 
responses to AAF in a direction-specific manner, which was only observed for compensatory 
responses that raised voice F0 in the opposite direction of downward pitch-shift stimuli. In 
addition, we found that STN-DBS was associated with a significant reduction in voice F0 
perturbation (i.e. jitter), and this DBS-induced modulation was positively correlated with the 
attenuation of vocal compensation responses to downward pitch-shift alterations in the auditory 
feedback. These findings provide supporting evidence for the involvement of STN in regulating 
vocal production and motor control mechanisms and validate the effect of DBS on modulating 
these functions in subjects with PD. 
PD subjects have been shown to exhibit deficits in vocal sensorimotor integration as 
indexed by their abnormally increased magnitude of compensatory responses to pitch-shift 
alterations in auditory feedback [18,19]. According to recent models of speech production [24–
26], motor control of vocalization is supported by sensorimotor integration mechanisms in the 


































































mismatch (error) between predicted (e.g., efference copies) and actual sensory feedback. In the 
context of these models, we suggest that the abnormal (i.e. overshooting) pattern of vocal 
compensation responses in PD can be explained by deficits in sensorimotor integration 
mechanisms of the dorsal stream network in one of the following ways: First, since both the 
auditory and somatosensory systems contribute to vocalization motor control, abnormal vocal 
compensation responses to pitch-shift errors in the auditory feedback in PD can be driven by 
cross-sensory dysfunction that leads to elevated sensory gain in the auditory system to 
compensate for reduced somatosensory sensation. This notion is supported by data showing 
reduced somatosensory sensitivity of laryngeal mucosa in PD [27], as well as increased vocal 
compensation responses to pitch-shift stimuli in healthy individuals with anesthetized vocal fold 
mucosa [28]. In the context of this notion, alterations in voice auditory feedback generate larger 
error signals that are transmitted from the sensory to motor regions, which subsequently lead to 
larger corrective motor commands for vocal compensation. Second, abnormal vocal 
compensation in PD may arise from sensorimotor integration deficits resulting from 
pathologically altered cortico-basal ganglia interactions. According to this notion, lack of 
dopaminergic input to neurons in the basal ganglia in PD can cause dysfunction in hyperdirect 
(fronto-subthalamic) and indirect (fronto-striatal-pallidal) pathways that play a crucial role in 
inhibiting motor responses during voluntary movement [29–31]. As a result, the reduced 
inhibitory output from the basal ganglia to cortical neurons within the dedicated networks of 
vocal motor control (e.g., inferior frontal gyrus, ventral premotor cortex, motor cortex) may drive 
abnormal compensatory efforts by generating overshooting motor responses to auditory feedback 


































































In addition, reduced inhibition from basal ganglia to cortical motor networks in PD may 
cause pathological increases in auditory neural sensitivity (or gain) to feedback errors that are 
controlled by top-down efference copy mechanisms during vocal production. This idea is 
supported by previous studies showing that auditory neural responses to pitch-shift alterations in 
voice feedback are enhanced during vocal production compared with passive listening in 
neurologically intact individuals [32,33]. This latter effect, also known as “Speech Perturbation 
Response Enhancement” or SPRE, has been incorporated into the recent State Feedback Control 
(SFC) model of speech [34], which posits that auditory feedback errors are used to correct the 
current estimates of vocal/articulatory states using a gain that determines how strongly feedback 
errors drive this state correction process. According to the SFC model, access to internal 
predictions through efference copies can increase the controlling gain during vocal production, 
and therefore, SPRE is associated with enhanced state correction responses to perturbations in 
the auditory feedback during vocalization vs. listening condition. In this context, disinhibition of 
top-down cortical motor mechanisms in PD may result in higher gains in the state correction 
process, which subsequently contribute to the generation of abnormally larger compensation 
responses to feedback error during vocal production. 
Recent evidence has suggested that abnormal compensation behavior in PD is not driven 
by cross-sensory dysfunction, but rather is accounted for by sensorimotor integration deficits for 
vocal production and motor control due to cortico-basal ganglia pathology. This argument is 
supported by data from a recent study [19] that showed that the auditory event-related potentials 
(ERPs) were not different in PD vs. control subjects during listening to the playback of pitch 
shifted vocalization, supporting the notion that neural processing of auditory feedback error is 


































































exhibited a significant increase in the amplitude of auditory ERPs compared with controls [19]. 
This latter finding suggests that the pathologically increased gain of the state feedback 
controlling mechanisms is driven by top-down influence of the vocal motor system on auditory 
neural sensitivity that results in overshooting vocal compensation responses to feedback 
alterations in PD.  
In this study, our data showed that STN-DBS improves vocal F0 motor control ability in 
subjects with PD, as reflected by the attenuation of compensation responses (i.e. dampening of 
‘overshooting’ responses) to auditory feedback pitch-shift alterations during DBS ON vs. OFF. 
In addition, we found that STN-DBS was associated with reduced level of baseline (i.e. pre-
stimulus) voice F0 perturbation as indexed by decreased jitter, and this effect was significantly 
correlated with DBS-induced attenuation of vocal compensation responses to auditory feedback 
pitch-shift stimuli. This observed correlational relationship was in line with data from previous 
studies [35–37] showing a direct correlation between the pathologically increased (i.e. 
overshooting) magnitude of vocal responses to auditory feedback alteration and higher voice F0 
perturbation in subjects with PD. Based on findings of the present study, it can be suggested that 
STN-DBS improves vocal function by ameliorating motor symptoms related to lack of control 
over the laryngeal muscles for regulating voice F0. We suggest that DBS-induced improvement 
of voice F0 control results from the increased inhibitory effects of the basal ganglia on the 
cortical neural mechanisms of vocal motor control through stimulation of the hyperdirect (fronto-
subthalamic) pathways. However, our data did not reveal any significant effects of STN-DBS on 
other voice features such as HNR, intensity, or shimmer, suggesting that stimulation of the 
fronto-subthalamic pathways predominantly affect voice F0 motor control. Moreover, the 


































































intelligibility scores indicates that DSB-induced improvement in some vocal motor control 
features (e.g., F0) may not necessarily translate into improvements in overall speech 
intelligibility. As mentioned earlier, it is reasonable to propose that such disconnected influences 
are accounted for by multiple factors including the inherent differences between the underlying 
mechanisms of voice vs. speech and the differential effects of STN-DBS on the mechanisms of 
vocal (i.e. phonatory) vs. oral (articulatory) motor control. 
We observed that the effect of STN-DBS on attenuating vocal compensation responses to 
auditory feedback alteration was direction-specific and was only present when subjects increased 
their voice F0 in response to downward pitch-shift stimuli. However, no such modulatory effect 
of STN-DBS was observed when subjects decreased their voice F0 in response to upward pitch 
shifts in the auditory feedback. Data from previous studies have shown that vocal pitch motor 
control is mediated by complex patterns of laryngeal muscles contraction/relaxation that control 
the length, tension, and stiffness of vocal folds. In one study [38], it has been shown that 
increasing voice pitch in response to downward pitch-shift stimuli is facilitated by contraction of 
the cricothyroid (CT) and thyroarytenoid  (TA) muscles, whereas decreasing voice pitch in 
response to upward stimuli is facilitated by relaxation of these muscles. However, as suggested 
by another study [39], contraction of the CT muscles did not always lead to raising voice 
pitch, but could also lower the pitch of the voice at low activation levels of the TA, lateral 
cricoarytenoid (LCA), and intra-arytenoid (IA) muscles. In addition, this latter study also showed 
that increasing TA activation was first accompanied by increased, and then decreased vocal pitch 
output at all activation levels of the CT, LCA, and IA muscles. Although the complex underlying 
mechanisms of vocal pitch motor control are not well-understood, data from the present study 


































































control for modulating voice F0 in response to auditory feedback pitch alterations. In the context 
of existing models of cortico-basal ganglia network [29–31], our data corroborate the notion that 
stimulation of the hyperdirect fronto-subthalamic pathway via STN-DBS inhibits cortical motor 
networks implicated in increasing voice F0, and subsequently, impedes PD subjects’ abnormal 
(i.e. overshooting) vocal responses to downward auditory feedback pitch-shift stimuli. Another 
possible account of this observed effect is an overall DBS-induced increase in rigidity of the 
vocal fold muscles, which may subsequently impede the excessive increase in voice F0 and 
dampen the overshooting responses to downward pitch-shift stimuli in the auditory feedback. 
These findings indicate the positive impact of STN-DBS on specific aspects of voice motor 
control (i.e. F0); however, there is still a significant lack of knowledge about factors that 
contribute to improving the overall quality of speech in the context of a more general and 
complex sensorimotor system. In addition, understanding the effects of clinical and surgical 
factors (e.g., anatomical location of electrodes, stimulation amplitude, frequency, pulse width 
etc.) seem to be critical and warrants further investigations for predicting the effects of DBS on 
the outcome measures of voice and speech.  
A potential limitation in the present study was the lack of matched control subjects for 
comparing their behavioral responses to PD subjects with bilateral STN-DBS implantation tested 
in this study. Although our study did not include a control group, comparing the data in our PD 
subjects with those tested using the same pitch shifting paradigm in previous studies [36,37] 
confirmed that the STN-DBS PD subjects in this study demonstrated vocal responses that were 
consistent with those in non-DBS PD subjects in previous studies. Namely, response magnitudes 
and latencies were consistent across DBS PD subjects in this study and non-DBS PD subjects in 


































































relative to the matched control subjects in previous studies, the PD subjects with STN-DBS 
implantation in this study also generated abnormally excessive (i.e. overshooting) vocal 
responses to pitch shift stimuli, and our data provide the first evidence that DBS ON ameliorates 
this condition by attenuating vocal responses in a direction-specific manner only for downward 
pitch shifts in the auditory feedback. Furthermore, the absence of vocal response modulation for 
DBS ON vs. OFF for upward pitch-shift stimuli in this study served as a within-subject control 
factor, which further confirmed the effect of DBS on compensatory responses that raise voice F0 
in response to downward pitch-shift alterations in the auditory feedback. A more comprehensive 
understanding about the effects of DBS warrants further investigations to provide more insights 
into the underlying neural mechanisms of voice and speech motor control. 
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Figure 1. Panels A-C: the mean of vocalization F0, intensity, and HNR across all trials overlaid 
for DBS ON vs. DBS OFF in one representative subject (shaded areas show the standard 
deviation; time 0 denotes onset of vocalization). Panels D-H: bar plot representations of the 
mean and SEM of the grand-average (n=10 subjects) measures of vocalization F0, intensity, 
HNR, jitter, and shimmer for DBS ON vs. DBS OFF. 
Figure 2. Panels A-C: Vocal compensation responses to upward pitch-shift stimuli (+100 cents). 
Panel A: profiles of grand-average mean voice F0 responses overlaid for DBS ON vs. OFF (time 
0 notes onset of pitch-shift stimuli). Panel B: bar plot representation of the grand-average 
response means within a 200 ms window centered on the peak. Panel C: correlation plots of 
vocal compensation vs. jitter modulation during DBS ON vs. DBS OFF. Panels D-F Results for 
vocal compensations to downward pitch-shift stimuli (-100 cents). All error bars represent the 



































































Figure 3. The sensorimotor integration model of vocal control. In this model, the auditory-motor 
interface transforms efference copies of motor plans into forward predictions and compares them 
with auditory feedback to detect and correct for errors through generating compensatory vocal 
motor responses. In Parkinson’s disease, dysfunctions in cortico-basal ganglia network results in 
reduced inhibitory input to cortical motor areas. This reduced inhibition contributes to increased 
corrective efforts in the feedforward motor system leading to abnormal (overshooting) vocal 
compensation responses to alterations in the auditory feedback (AAF). In addition, reduced 
inhibition of the vocal motor cortex increases its top-down effect on enhancing auditory neural 
sensitivity to feedback alterations. This increased neural sensitivity results in elevated sensory 
gain for generating larger error signals, and subsequently, larger compensatory vocal responses 
to alterations in the auditory feedback. 
vPMC: ventral pre-motor cortex; IFG: inferior frontal gyrus; M1: primary motor cortex; HG: 
Heschl’s gyrus; STG: superior temporal gyrus; STS: superior temporal sulcus; Spt: Sylvian 
parietal temporal; PT; planum temporale   
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